One-dimensional nanostructures of gamma alumina exhibiting excellent properties such as a large surface area and high porosity are widely used as catalysts and adsorbents and in other applications. Here, we report the effect of ultrasound treatment on infrared spectrum, mineral phase, morphology, and textural properties of gamma alumina nanorods, which were successfully synthesized from salt-starch precursors through a facile precipitation method. We used aluminum ammonium carbonate hydroxide-starch derived from aluminum nitrate at pH 9 and a 2% (w/v) starch slurry, under normal conditions with ultrasound treatment as a precursor. The as-synthesized alumina were then calcined at 600°C. We observed the infra-red spectrum of the assynthesized alumina treated by ultrasound show typical absorption bands of functional that groups. Ultrasonically treated assynthesized alumina at 600°C consist of a pure gamma alumina phase with higher intensity and a microstructure of nanorod-like shapes with aspect ratios of 217.5, indicating a mesoporous material, and exhibit a higher specific surface area and pore volume than that of alumina synthesized under normal conditions.
Introduction
A well-known material of gamma alumina, £-Al 2 O 3 is widely used for such industrial applications as adsorbents, catalyst supports, and catalysts. 1),2) A large surface area and porosity, good thermal stability and mechanical strength, and a wide diversity of acid-base properties, are some interesting properties of £-Al 2 O 3 . 1),3),4) These £-Al 2 O 3 characteristics might be improved by designing and modifying its morphologies 5) such as onedimensional (1-D) nanostructures: nanowires, nanotubes, nanorods, nanofibers, and nanowhiskers, for instance. The primacies of £-Al 2 O 3 1-D nanostructures exhibit a higher modulus of elasticity, better optical characteristics, and better chemical and thermal stability. 6) Several methods have been proposed for synthesizing £-Al 2 O 3 1-D nanostructures, including the precipitation method, the sol gel method, 7) hydrothermal processing, 7) , 8) and an electrospinning technique. 9) These methods usually use surfactants as a structure directing agent. Yang et al., 7) successfully synthesized £-Al 2 O 3 nanorods from kaolin and polyethylene glycol (PEG) 6000 as a surfactant via a precipitation method. Zhu et al., 8) reported the use of polyethylene oxide (PEO) as a structure directing agent on the preparation of £-Al 2 O 3 nanofiber from an NaAlO 2 precursor at a Al/PEO ratio of >0.47 through hydrothermal treatment at 100°C for 2 days. Another study used phenolformaldehyde resin as a template and aluminum isopropoxide as a precursor in the synthesis of mesoporous nano rod-like £-Al 2 O 3 via the solgel method. 10) A recent study successfully prepared £-Al 2 O 3 nanofibers using local kaolin as the alumina precursor, acetic acid, and PEG 6000 as a surfactant.
1) The study applied an ultrasonic aging process at 80°C for 2 h. All the methods used synthetic polymers as surfactants and 1-D structure-directing templates in the preparation of £-Al 2 O 3 1-D nanostructures. In this paper, a simple method using starch as a structure directing template was introduced to synthesize £-Al 2 O 3 nanorods. Starch is a surfactant-type polysaccharide, and it was chosen because it is an abundant, inexpensive, non-toxic, and renewable material.
11) However, in material processing and technology, starch is frequently used as a pore-forming agent, 12),13) a fuel, 14) and a chelating agent. 15) Thus, there had not yet been any research concerning starch as a structure directing template on 1-D structure material synthesis.
In this study, £-Al 2 O 3 nanorods were synthesized from nitrate salt-starch precursors by the facile precipitation method followed by an aging process. Aluminum nitrate and ammonium bicarbonate were used as precursors, while starch was applied as a structure directing agent. Meanwhile, the aging process was conducted with two methods, specifically ultrasound and stirrer aging, with parameter setting conditions such as pH, temperature, and time. Our previous study was on the effect of ultrasound treatment on the characteristics of £-Al 2 O 3 derived from Indonesian natural Kaolin. Ultrasonic irradiation during the aging of alumina had reduced the particle agglomerations, resulting in dispersed particles. 16) Hence, the present work also reports the effect of ultrasound treatment on the infra-red spectrum, mineral phase, morphology, and textural properties of £-Al 2 O 3 nanorods compared to those synthesized under normal conditions.
Experimental procedures

Materials
The materials used in this study were aluminium nitrate nonahydrates [Al(NO 3 ) 3 ·9H 2 O, 98.5% purity] obtained from Merck as well as food-grade of ammonium bicarbonates (NH 4 HCO 3 , 99% purity) and cassava starch obtained on the Indonesian market. The apparatuses used were a thermoscientific cimarec stirring hot plate, an elmasonic E 100 H ultrasonic bath, and a Nabertherm electrical furnace with a maximum temperature of 1500°C.
Synthesis of £-Al 2 O 3 nanorods
A single-component alumina precursor and starch slurries were prepared separately. About 30 g of Al(NO 3 ) 3 ·9H 2 O was dissolved in 50 ml of a 3 M ammonium bicarbonate solution at pH 9, resulting in precursors of aluminum ammonium carbonate hydroxide (AACH). A slurry of 23% (w/v) starch was prepared in distilled water solvent under heating at 80°C and stirring for 45 min, forming a gel in the final product. The AACH starting material was added to a 2% (w/v) starch slurry under heating and stirring in a magnetic stirrer at 80°C for 2 h, and this batch was labeled as A-2%S. After heating, the as-synthesized £-Al 2 O 3 batches were cooled naturally to room temperature resulting in solid precipitates. The precipitates were collected, filtered, washed with distilled water several times and finally dried in open air. The dried powder was calcined at 600°C to obtain a white powder. Another batch of £-Al 2 O 3 was synthesized following the same procedure but under heating in an ultrasonic bath at 80°C for 2 h to compare the £-Al 2 O 3 characteristics. This sample was labeled as A-2%U.
Characterization
The thermal behavior of all the as-synthesized Al 2 O 3 was analyzed using a SETARAM Thermo Gravimetric and Differential Thermal Analysis (TG/DTA) instrument. A Shimadzu Fourier Transform Infra-Red (FT-IR) Prestige 21 spectrometer was used to analyze the infra-red spectra of all the as-synthesized Al 2 O 3 .
Calcined powder of Al 2 O 3 was characterized using a PANalytical X'Pert PRO X-ray diffractometer (XRD), a JEOL JSM-35C scanning electron microscope (SEM), a FEI Tecnai G2 20 S-TWIN transmission electron microscope (TEM), and a Quantachrome NovaWin BrunauerEmmettTeller (BET) instrument. The phase compositions of Al 2 O 3 were identified by an XRD instrument using a PANalytical X'Pert PRO X-ray diffractometer at 40 Kv and 30 mA with a Cu/K¡ ( = 1.54060 ¡) radiation source. The diffraction patterns were scanned from 10.0084 to 79.9804 (2ª) with angular step of 0.0170. The XRD patterns were analyzed using a PDF2 from the JCPDSInternational Centre for Diffraction Data. The morphologies of all the calcined Al 2 O 3 samples were observed using a JEOL JSM-35C SEM and a FEI Tecnai G2 20 S-TWIN TEM. The textural characteristics of all the calcined Al 2 O 3 were measured by the BET method using a Quantachrome NovaWin instrument. The FT-IR spectrum of the calcined A-2%U at 600°C is shown in Fig. 2(C) . The strong broad band at 30003500 cm ¹1 is due to the OH stretching vibrations of the OH groups attached to Al cations and adsorbed molecular H 2 O. The three bands at 401.19, 624.96, and 786.96 cm ¹1 are assigned to the stretching vibration mode of AlO 6 , 10) while the band at 1111.00 cm ¹1 corresponds to the AlOAl symmetric vibrations.
1)
The effect of ultrasound and stirrer treatment on the FT-IR characteristics of the as-synthesized Al 2 O 3 A-2%S and A-2%U is clearly seen in the absorption bands of the functional groups. The FT-IR spectra of the as-synthesized A-2%U exhibit lower and narrower functional group absorption peaks of in the region of 12503500 cm ¹1 than the absorption peaks of the as-synthesized A-2%S. Zheng, et al., 26) reported that ultrasound treatment would damage the starch crystal structure and cut off polysaccharide's chains but would not destroy its functional groups. Thus, the FT-IR spectra of starch treated by ultrasound will show specific absorption bands the functional groups.
The main impact on the ultrasonically treated starch is the deformed crystalline structure and the broken polysaccharide chains of starch due to destruction of covalent bonds in the starch structure. 27) This leads to an increased ability for water to access in starch structure leading to a higher swelling power and solubility of starch. Higher solubility of starch is achieved by more water molecules binding to free hydroxyl groups of amylose and amylopectin in the starch structure via hydrogen bonds. 26),27) This mechanism is similar to the structure-directing mechanism of 1-D £-Al 2 O 3 rods. Starch is composed of two polysaccharides (amylose and amylopectin) consisting of thousands more monosaccharides of the six-carbon glucoses linked covalently together by O-glycosidic bonds. These monosaccharides contain hydroxyl and ether groups that allow hydrogen to bond with the other hydroxyl groups of the alumina precursor of AACH. Since an AACH solution was mixed with a starch solution under ultrasound treatment and heating, hydrogen bonds were created from the starch functional groups reacting with the AACH hydroxyl groups on the particle surfaces. 28) , 29) This intermolecular hydrogen bonding was also corroborated by the FT-IR spectrum in the region of 30003500 cm
¹1
, which can be correlated to the hydrogen bonds between water molecules and starch and the hydrogen bonds between AACH molecules and starch. As a result, AACH molecules freely occupied the polysaccharide's chain of starch and obtained a similar structure to the starch structure.
Since the ultrasonically treated starch shows higher solubility than normally treated starch, it may allow stronger hydrogen bonds between water molecules and starch and between AACH molecules and starch. The ultrasonically treated starch-AACH precursors would consequently exhibit a higher decomposition temperature than the normally treated starch-AACH precursors.
Thermal behavior of the as-synthesized
£-Al 2 O 3 based on TG/DTA Thermal decomposition of AACH-starch precursors under stirring at 80°C for 2 h (A-2%S) and AACH-starch precursors under ultrasound treatment at 80°C for 2 h (A-2%U) based on TG/DTA analysis are shown in Figs. 3 and 4 , respectively.
The effect of ultrasound treatment on thermal decomposition of AACH-starch precursors is clearly shown in Fig. 3 , revealing higher thermal decomposition than that synthesized under stirring condition. The TG/DTA curves of AACH-starch precursors under stirring treatment at 80°C show weight loss in three steps, as indicated by the three endothermic peaks in Fig. 3 . The first weak endothermic peak can be observed at 226°C (the assynthesized alumina A-2%S). The first weight loss occurring below 330°C originates from the decomposition of AACH to amorphous Al 2 O 3 .
17), 30) The second endothermic peak is situated at 496°C. This weight loss that occurring between 330 and 516°C is assigned to thermal decomposition of starch to give a Journal of the Ceramic Society of Japan 124 [12] 1205-1210 2016 carbonaceous product.
12),31) Another endothermic effect occurs between 516 and 634°C. It corresponds to further weight loss of the as-synthesized alumina A-2%S because of a glowing combustions of carbonaceous material, resulting in gaseous such as CO and CO 2 .
12) This phenomenon is strongly confirmed emissions by the exothermic effects at 516 and 574°C. Another exothermic effect is found from 600 to 634°C, which should be attributed to the phase transformation of amorphous Al 2 O 3 to £-Al 2 O 3 .
30)
The profile of thermal behavior of the ultrasonically treated AACH-starch precursors (the as-synthesized alumina A-2%U) with temperature is mainly different from that shown in Fig. 3 . Based on the TG/DTA analysis in Fig. 4 , the thermal decomposition of starch in the as-synthesized alumina A-2%U is shown by an endothermic effect between 380 and 546°C, leaving carbonaceous material as residue on the surface of amorphous Al 2 O 3 . Another weight loss occurs between 546 and 580°C that correlates to a significant exothermic peak at 574°C is associated with self-combustion of carbonaceous material to produce heats, CO and CO 2 , along with the phase transformation of amorphous Al 2 O 3 to £-Al 2 O 3 .
According to the results of TG/DTA analysis in Figs. 3 and 4 , it is noted that the phase transformation of the as-synthesized alumina A-2%U into £-Al 2 O 3 should occur at a lower temperature than with the as-synthesized alumina A-2%S. However, ultrasonically treated as-synthesized alumina A-2%U shows a shorter time period to the thermal decomposition of starch at 380580°C than that synthesized under stirring treatment at 330 634°C. Nevertheless, ultrasonically treated as-synthesized alumina indicates a higher decomposition temperature for the starch-AACH precursors at 546°C than that for the normally treated starch-AACH precursors at 516°C.
Phase transformation of the as-synthesized
The crystalline structure of cassava starch and the phase transformations of the as-synthesized Al 2 O 3 A-2%S and A-2%U at 600°C is displayed in Fig. 5 .
According to the powder XRD analysis results in Fig. 5 , the four main peaks at diffraction angles 2ª of around 15, 17, 18, and 23 (2ª Cu K¡) that appear in the cassava starch diffractogram strongly indicate the starch having a crystalline structure. As shown in Fig. 5 , before heat treatment, both the as-synthesized A-2%S and A-2%U were identified as AACH (PDF 2. JCPDS card no. 290106, 4) ) in the diffractogram. In addition, the powder XRD analysis results in Fig. 5 show the existence of the pure £- A-2%U were identified as an AACH phase. The effect of ultrasound treatment on the synthesis of £-Al 2 O 3 nanorods can be clearly seen on the microstructure of the as-synthesized alumina A-2%U. Very fine fibril structures can be observed in the higher magnification SEM photo of the as-synthesized alumina A-2%U, whereas these structures are not visible in the microstructure of the as-synthesized alumina A-2%S.
Microstructures of A-2%S and A-2%U at 600°C are given by SEM and TEM as shown in Figs. 79, respectively. The calcined A-2%S at 600°C (Fig. 8) consists of uniform spherical particles with diameters below 5 nm and rod-like particles with sizes below 2 nm in diameter and 20 nm in length. Meanwhile, the morphology of the calcined A-2%U at 600°C in Fig. 9 demonstrates rod-like particles with an average diameter below 2 nm and a length of 435 nm. The effect of ultrasound treatment on the £-Al 2 O 3 morphologies (the calcined A-2%U) is obviously revealed by the appearance of these uniform, several hundred nanometers long 1-D £-Al 2 O 3 rods. In addition, the 1-D £-Al 2 O 3 rods produced with ultrasound treatment are longer than those produced by stirring in the synthesis. This phenomenon is related to the crystalline structure distortion of starch by ultrasound in the synthesis that has been explained in the FT-IR session.
Textural characteristics of the calcined
The textural characteristics of the calcined A-2%U and A-2%S at 600°C were measured by N 2 adsorption desorption as expressed in Fig. 10 and the results are shown in Table 1 . Both the calcined A-2%U and A-2%S demonstrate a type IV isotherm that identifies them as mesoporous materials. However, N 2 adsorption desorption of the calcined A-2%U and A-2%S shows hysteresis loops of type H1 in the relative pressure ranges of 0.651.00 and 0.400.80, respectively, suggesting a mesoporous material with Journal of the Ceramic Society of Japan 124 [12] 1205-1210 2016 narrow pore size distribution and uniform particle sizes.
The as-synthesized Al 2 O 3 A-2%U ultrasonically treated at 600°C shows a larger specific surface area and pore volume than that the one synthesized under stirring processing (A-2%S). Although the crystallite size of A2% U was larger than that of A2%S (according to the powder XRD analysis results in Fig. 5 ), A2%U had a larger specific surface area than A2%S. A gamma Al 2 O 3 particle might consist of one large crystal or several small crystals of £-Al 2 O 3 . The specific surface area of a material depends on the particle shape and size not to the crystallite size. Thus, the smaller the size and the higher the aspect ratio of a material, the larger the specific surface area. In the case of the higher aspect ratio of the £-Al 2 O 3 nanorods of A-2%U (217.5) compared to the £-Al 2 O 3 nanorods of A-2%S (010), this means that the calcined £-Al 2 O 3 A-2%U exhibits a higher surface area.
Conclusion
Several hundred nanometer long 1-D £-Al 2 O 3 rods were successfully prepared from aluminum ammonium carbonate hydroxide-starch precursors through a facile precipitation method involving ultrasound treatment followed by calcination at 600°C. The infra-red spectrum of the ultrasonically treated assynthesized alumina shows typical absorption bands of functional groups. Ultrasonically treated as-synthesized alumina at 600°C consist of a pure gamma alumina phase showing a microstructure of nanorod-like shapes with an average diameter below 2 nm and a length of 435 nm, with aspect ratios of 217.5, identifying them as a mesoporous material, and exhibiting a higher specific surface area and pore volume than as-synthesized £-Al 2 O 3 produced under normal conditions. 
